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ABSTRACT
We revisit two-field hybrid inflation as an effective field theory for low-scale inflation
with sub-Planckian scalar field ranges. We focus on a prototype model by Stewart because
it allows for a red spectral tilt, which still fits the current data. We describe the constraints
on this model imposed by current CMB measurements. We then explore the stability of this
model to quantum corrections. We find that for relevant, marginal, and at least a finite set
of irrelevant operators, some additional mechanism is required to render the model stable
to corrections from both quantum field theory and quantum gravity. We outline a possible
mechanism by realizing the scalars as compact axions dual to massive 4-form field strengths,
and outline how natural hybrid inflation may be supported by strong dynamics in the dual
theory.
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1 Introduction
Inflation is the leading candidate for explaining why the universe is so old, flat and smooth.
Explicit models rely on a local quantum field theory (QFT) of the agent behaving like a
transient but long lived vacuum energy, which forced the universe to rapidly expand early
on. In a local Poincare-invariant QFT, this requires scalar fields with a very flat potential.
An immediate question is whether such models are natural or fine-tuned. Leaving aside the
conundrum of initial conditions, and merely focusing on the naturalness of the parameters of
the local QFT, the inflationary epoch is obviously an arena where the ideology of naturalness
may be tested observationally.
The simplest QFT models of inflation involve a single scalar field which needs both a very
flat potential and super-Planckian field variations [1, 2]. These large-field models typically
produce observable primordial gravitational waves. Thus they are increasingly in tension
with observations although they are not yet ruled out. However the super-Planckian field
ranges also present a theoretical challenge, a large number of Planck-suppressed operators
must be fine-tuned absent a mechanism for suppressing them [3–19]. Since data is starting to
take a bite out of these models, one may be tempted to avoid the issue of Planck-suppressed
operators by studying small-field models, or by studying even more exotic alternatives where
naturalness of the QFT of the inflaton is altogether abandoned. These latter alternatives are
also not safe from the predations of quantum gravity. Therefore we will take a very conser-
vative attitude, ignore exotic inflationary models altogether, and only consider inflationary
small-field QFTs which might be natural. As we will find, such small-field models in fact
require not so small fields after all, and are still threatened by Planck-suppressed irrelevant
operators1. Some mechanism is still required to ensure that the quantum gravity corrections
are under control.
In this paper we will revisit two-field hybrid inflation models [21–23], and explore their
stability to both quantum field theoretic and quantum gravity corrections. The ‘classic’
model of hybrid inflation [21–23] predicts a blue spectrum of CMB perturbations that is
now ruled out by observations [24]. However, this does not shut the door on hybrid infla-
tion. For example, a variant due to Stewart [25] (see also [26]) does produce a red spectrum
(as we will review), and for some range of parameters can be made compatible with ob-
servations. We will find that additional quartic terms are induced by radiative corrections,
which nevertheless can be kept naturally small. However – unsurprisingly – the quadratic
mass terms suffer from the usual hierarchy problem afflicting fundamental scalars, and a
mechanism is needed to keep them sufficiently small. Even with such a mechanism, we will
find that the combination of data-based constraints and technical naturalness put the theory
into a corner for which the range of the scalar fields are close in magnitude to the Planck
scale. The main constraints are:
• We need to ensure that the inflaton rolls sufficiently slowly over a sub-Planckian range
to generate N -efoldings of inflation.
• The two fields in the hybrid model can be roughly classified as “inflaton” and “water-
1This has been noted in similar contexts before, such as in [20].
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fall” fields. The former rolls during inflation leading to a spectral index. The latter
is locked by the large value of the inflaton during inflation, and provides the bulk of
the vacuum energy, and condenses at the end of inflation, ending vacuum dominance
and initiating reheating. We ask that the field displacement of the “waterfall” field is
sub-Planckian, while being high enough to give the right scale of density perturbations
when the couplings remain weak enough for radiative stability.
The upshot is that two-field hybrid models that fit the data, are technically natural, and
protected from quantum gravity corrections are very nontrivial to realize. In addition to re-
quiring hierarchies in masses and renormalizable couplings, the nearly-Planckian field ranges
mean that there are a large but finite number of Planck-suppressed irrelevant operators which
may spoil slow-roll inflation unless there is a mechanism to make their dimensionless coef-
ficients sufficiently small2. Furthermore, satisfying the demands placed on inflation models
with sub-Planckian field ranges puts additional pressure on the EFT which one uses to de-
scribe the dynamics, because the inflaton – which must be light during inflation – quickly
becomes very heavy after inflation ends. This is merely a matter of continuity: if the field
rolls on a flat and short plateau to give >∼ 60 efoldings of inflation, that plateau must be
very flat, and the post-plateau minimum very narrow, and hence with a large curvature.
This pushes reheating out of the EFT used to describe inflation: the UV embedding must
be understood.
After exploring these issues, we will argue that an embedding of the Stewart model
exists which can protect the required hierarchies in masses and couplings from both QFT
and quantum gravity corrections. To do this we will use a two-field version of the axion
monodromy effective field theories developed in [7, 8, 12, 14, 16, 17, 19]. In these theories the
two fields that drive inflation and reheating are considered as axion-like pseudoscalars, dual
to longitudinal modes of two massive 4-form field strengths. The scalar mass maps to the
gauge field mass [16]; as with masses for Abelian vector fields, the 4-form mass is stable to
quantum corrections. Additional small hierarchies needed to support inflationary dynamics
may then arise from dimensionless couplings in the strong coupling regime. For models which
match CMB data one must either tune the value of the mass or find an additional mechanism,
beyond EFT, to explain its smallness from first principles. Either way, the small mass is at
least technically natural3. We will also see that the requirements of naturalness and bounds
from data push the dual 4-form theory into the strong coupling regime. However since the
theory has only longitudinal propagating modes, in the inflationary regime the theory looks
weakly coupled because each explicit power of the inflaton φ comes with a factor ∝ µ/M,
whereM is the cutoff and µ the inflaton mass, thus providing additional suppression factors
that make the theory appear weakly coupled in the axial gauge, and also tame quantum
gravity corrections to the irrelevant operators of the theory.
The current data put additional pressure on this EFT, suggesting that a full theory of
hybrid inflation really requires two different EFTs to consistently describe it, one for the slow
2In principle, it is possible that the individually dangerous operators may sum up to tamer contributions
to the effective potential, if there are approximate shift symmetries in some regimes of phase space.
3Lower bounds on the mass of 1-form gauge fields have been conjectured in [27]: we believe inflation is
well away from such bounds.
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roll regime and another for reheating, when the inflaton becomes very heavy (and presumably
other degrees of freedom become very light). Providing the details of the complete first-
principles construction of such a model is beyond the scope of this work. Here our approach
is bottom-up, reverse-engineering a low energy theory in order to glimpse how it can be
derived from a UV-complete model. Hence we cannot provide a detailed contents of the
full spectrum of the theory, which is necessary to see how various fields transition to below
and above the cutoff. Nevertheless, our analysis indicates that such constructions exist, and
serves as a guide for how to search for more complete models which realize such dynamics.
We close with a summary of what is new in this paper:
• First, a detailed consideration of matching the Stewart model to the most up-to-date
data has not been done before; nor has the stability of this model to either QFT or
quantum gravity corrections been explored. We do both in §3. While the model fits
data well, we will find that as it stands, it in fact is unnatural: the model suffers
from the mass hierarchy problem, since the dimensional scales in the theory are very
sensitive to the UV completion. This requires at least a small O(0.1) hierarchy between
mass scales. A protection mechanism is necessary to stabilize this against quantum
corrections and render the theory at least technically natural. We will also see that
the theory has many irrelevant operators which are individually large, and a dynamical
explanation of why they do not spoil inflation is needed.
• Furthermore, we will also see that the theory is additionally strained by the fact that
the post-inflationary mass of the inflaton is near the cutoff of the infationary EFT,
meaning that to reliably describe exit from inflation and reheating, we really should
use a different EFT in that regime.
• Finally, our proposal for realizing the model as the theory of coupled axions dual to
4-form field strengths is new. This provides a UV completion of the hybrid inflation
model which addresses the hierarchy problem and the subsequent fine tunings, render-
ing it both natural and protected from quantum gravity corrections. To do this we
take an approach that is distinct from standard axionic model-building. Typically ax-
ions have not been considered for hybrid models because their nonderivative couplings
are constrained by nonrenormalization theorems, and taken to be simple trigonometric
functions. This assumes that the axion potentials are generated by instantons in some
sort of dilute gas approximation. However, it has been known for some time, if un-
derappreciated, that this approximation often fails and axion potentials can be more
complex, looking more like perturbative polynomial interactions, if we assume that
the axion potential is multivalued [28–30]. The central lesson of [7, 8, 12, 14, 16, 17, 19]
is that the resulting effective field theories are still constrained by gauge symmetries,
and ‘dimensional transmutation’ between dual pictures allows for small couplings that
are protected from QFT loops and quantum gravity corrections. In §3 we develop and
deepen this story by expanding it to multifield models and explore its strong coupling
regime where inflationary dynamics may be realized. In addition to the application at
hand, our hope is that we are expanding the toolkit for QFT models more generally.
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2 Hybrid inflation with a red spectrum
2.1 The model
The pioneering model of hybrid inflation [21] has the form:
V (φ, σ) =
λ
4
(
σ2 − M˜2
)2
+
1
2
µ2φ2 +
1
4
g2σ2φ2 . (1)
Here φ is the inflaton. If φ2 > λM˜2/g, then σ = 0 is a minimum of the potential for fixed φ,
leading to the effective potential
Veff = M˜
4 +
1
2
µ2φ2 . (2)
During inflation, if the second term dominates, the theory is effectively the standard chaotic
inflation, which requires a super-Planckian range for φ and which is ruled out by existing
bounds on gravitational waves. If the M4 term dominates the potential, then(
δρ
ρ
)2
=
V 3
24pi2M6pl(V
′)2
∼ 1
φ2
, (3)
grows larger as φ decreases, leading to a blue spectral index, which is ruled out by CMB
measurements [24]. More precisely the spectral index is
ns = 1 +
2
N
> 1 , (4)
where N is the number of efoldings.
An alternate model by Stewart [25,26], defined by
V (φ, σ) =
m2
2
(
σ −
√
2M
)2
+
g2
4
φ2σ2 , (5)
which does not have degenerate post-inflationary minima, and so also no dangers of any
stable defect production after inflation, does have a red spectrum:
ns ∼ 1− 3
2N
. (6)
As we will show in §2.2, this model can be made compatible with current CMB data, while
maintaining sub-Planckian field ranges that are one of the strong motivations for hybrid
inflation.
As far as we know, a full discussion of the quantum stability of these models has never
been carried out4. This is one of the main goals of this paper. We thus write a modification
4We are aware of a somewhat incomplete attempt in [31].
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of Eq. (5) containing all of the relevant and marginal operators that could be generated by
quantum corrections:
V (φ, σ) =
m2
2
(
σ −
√
2M
)2
+
λ
4
(
σ2 − M˜2
)2
+
µ2
2
φ2 +
g2
4
φ2σ2 +
λ′
4
φ4 . (7)
Since the first term breaks the Z2 symmetry σ → −σ one may be tempted to include terms
proportional to σφ2 or σ3. However, if we compute quantum corrections to this potential
following [32], linear terms in σ can be absorbed into the source term used to explore the full
theory space, and thus these terms are never generated by loop corrections. In the effective
field theory (EFT) language, the reason is that the parity symmetry is softly broken, only
by a relevant operator, and thus is invisible to the UV effects in the loops.
In the EFT context, we would naturally expect that all of the dimensionful parameters
in this model should be below the cutoff. However, we will find in the next section that
for a realization of this model via massive 4-forms, this does not have to be the case for
M , for which there is a see-saw formula involving the ratio of the cutoff to a fundamental
mass scale. A hint that this might be the case comes from noting that if σ is a pseudoscalar
axion, as it (along with φ) is a dual of a massive 4-form field strength in the embedding we
described below, M is a spurion for the breaking of CP, and so it might naturally be related
to the initial expectation value of one of the longitudinal modes of massive dual forms; we
will see that this is so in §3. There is no a priori reason that the expectation value of an
axion field should be below the cutoff [33]. In principle, since it is controlled by the initial
flux of a 4-form field strength it may even be ∼Mpl.
The first and fifth terms are absent in [21]; while Ref. [25] ignores the second, third and
fifth terms. To realize the latter model with its red spectrum of fluctuations, we must ensure
that the terms controlled by µ, λ, λ′ are subdominant, so that the Stewart model is a good
approximation. We will argue in §2.3 that the suppression of λ, λ′ can be made technically
natural. Finding a phenomenologically acceptable value of m and suppressing µ enough
that the φ2 term is subdominant requires more work, as scalar masses are afflicted by the
hierarchy problem. Rendering these masses even technically natural requires a mechanism,
such as axion monodromy, whose application to hybrid inflation we will describe in §3.
For now and in §2.2, we will take (7) as given and explore the predictions of the model
in the limit well described by the Stewart model. As in [21, 25], at sufficiently large φ, the
g2φ2σ2 term renders σ massive and we can integrate it out. At the classical level we simply
solve the equation
∂V
∂σ
= m2
(
σ −
√
2M
)
+ λσ3 − λM˜2σ + g
2
2
φ2σ = 0 , (8)
for σ at large φ. We demand that the term λσ3 be subdominant. Ignoring this term, we find
that:
σmin =
√
2m2M
m2 − λM˜2 + g2
2
φ2
. (9)
It is instructive to neglect the term ∝ λ, and in this limit plug equation (9) back into
5
(7). So, using σmin =
√
2m2M/(m2 + g
2
2
φ2) +O(λ), this yields
Veff (φ) ' m2M2
g2φ2
2
m2 + g
2
2
φ2
+
µ2
2
φ2 +
λ′
4
φ4 +O(λ) . (10)
If φ2  2m2/g2, then σ ' 2
√
2m2M
g2φ2
, and in this limit the potential (10) becomes
Vinflation ' m2M2
(
1− 2m
2
g2φ2
)
+
µ2
2
φ2 +
λ′
4
φ4 +O(λ) , (11)
after expanding the fraction in the first term. Clearly, as φ grows the first term becomes
flatter. This is the inflationary plateau. The terms ∝ µ, λ′ limit it, since they make the
potential convex again as they take over. Essentially, the regime with positive spectral slope
is therefore between the two inflection points of the potential (10), when φ is in the regime√
2
3
m
g
≤ φ ≤ (12)1/4
√
M
gµ
m . (12)
The hybrid inflation regime, with sub-Planckian ranges for φ and a red spectrum, will re-
quire that the terms controlled by µ, λ′ also be sufficiently subdominant, during the first 10
efoldings of the visible epoch of inflation (epochs which leave imprints on the CMB). The
precise details depend on how small µ is. If µ is larger than the critical value µ∗ =
√
12Mm
2
gM2pl
,
the upper bound in (12) is sub-Planckian, and so the period of inflation with a red spectrum
is generically shorter with all other parameters being fixed. If µ is smaller than µ∗, the
upper bound is super-Planckian. At any rate we will insist that the final 50 efoldings must
occur over a sub-Planckian range of the inflaton, while the inflaton lies below the upper
bound in (12). In other words, if we define the maximum value of φ at 50 efolds before
the end of inflation as αmpl, we require α < 1. The upper bound in φ in (12) then implies√
12Mm2 >∼ α2gM2plµ. In this way, whichever option, any trans-Planckian field excursions
are observationally irrelevant, offering assurance that our model of nature need not be too
sensitive to the UV. We will however see that this puts stress on naturalness.
We will further require that µ/m < 1, so that we can consistently integrate out the σ
field during inflation, and ignore its fluctuations. This also ensures that the σ fluctuations
during inflation are suppressed; as a consequence we can ignore isocurvature perturbations,
which are anyway strongly constrained by the data. We will however find that when other
bounds are met, µ/m < 1 is automatically satisfied.
The limitations of an EFT are set by the cutoff M. While the effective potential (7)
involves only renormalizable operators, and so it gives no indication of any intrinsic UV
cutoff, we can place a lower bound on the cutoff of the two-field model by noting that M
should be of the order of the effective mass of σ during inflation. This mass will provide a
natural UV cutoff for the effective theory, Eqs. (10) and (11) for φ, once we integrate out
σ. This potential is obtained for large φ by integrating the field σ when it is effectively near
zero. Taking the second derivative of (8) gives the effective mass of σ in that regime,
m2σ ' m2 +
g2φ2
2
+O(λ) . (13)
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To get an idea about the limit on the inflaton φ range in our EFT we conservatively use the
range ∼ M of σ as a guideline5. Imposing M < Mpl, we thus take the cutoff M =
√
4piM∗
to beM∼ gM . HereM∗ is the strong coupling scale, used to normalize the EFT operator
expansion in the Na¨ıve Dimensional Analysis (NDA) framework [34,35], a framework which
was deployed to organize the EFT of large field inflation in [16, 17]. To get a sharper
estimate of the cutoff, we can also produce a lower bound by recalling that in NDA, the
overall dimensional scale of the potential terms in EFT is M4∗ at strong coupling. This sets
an upper bound V <∼ M4∗ on the potential energy during inflation [16, 17]. From (11), we
then find M∗ >∼
√
mM . Thus the cutoff lies in the range
√
4pimM <∼ M ∼ gM . (14)
For values of these parameters which satisfy constraints we develop below, we find gM >√
mM so we take gM as a conservative estimate of M.
Note, however, that as the inflaton φ rolls towards the end of inflation, its effective
(tachyonic) mass on the plateau, |m2φ| ∼ 24 m
2
M2∗m
2  m2 changes to
m2φ ∼ g2M2 ∼M2 . (15)
Thus the EFT of inflation and the stage right after inflation breaks down as the theory
proceeds to reheating at the true vacuum σ =
√
2M . As serious as this is, by itself it is not
a fundamental flaw of the theory. It indicates that as inflation nears the end, the theory
is undergoing a phase transition where the energy density stored in the very flat potential
tends to dissipate quickly, and nonperturbatively, at very short distances. Some new fields,
including σ – which was very heavy during inflation – become light and need to be integrated
in. Others, like the inflaton φ, become heavy. Further, since the φ mass is tachyonic, as its
magnitude becomes larger the tachyonic instability becomes faster near the end of inflation
and operates at sub-horizon scales. So the important lesson from this is a warning: we
should not expect to have a single EFT of hybrid inflation, but instead count on having the
late stages of the exit and reheating as separate descriptions from slow roll inflation.
2.2 Matching to data
We next want to demonstrate that our model (10) has the capacity to match existing CMB
data, focusing on:
• The number N of efoldings of inflation, constrained (up to details of reheating, which
we do not model here) by bounds on spatial curvature to be at least on the order of
50− 60. For the sake of convenience we take N = 50.
• The power in scalar density (or CMB temperature) fluctuations at an appropriate pivot
point, set by experiments to be of order δρ
ρ
∼ 5× 10−5.
5This assumes a lack of hierarchy between σ, φ; in practice we expect φ to have a somewhat larger range,
as we are working to flatten its potential.
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• The tensor-scalar ratio r, with a current upper bound at r ≤ 0.056 [24]. We will in
fact demand here that the inflaton φ has a sub-Planckian field range over the last N
efoldings of inflation; this ensures that r is well below the above bound [31,36].
• The scalar spectral index αS, between 0.95 and 0.985, depending on r.
We will do this here under the assumption that the first two terms in (11) dominate in
our model. The above constraints can then be phrased in terms of bounds on m,M, g and
the maximum excursion αMpl ≡ φmax of the scalar field during the visible epoch. We will
find that the data supports a range for these parameters. The further question of whether
there is a range for these parameters and for λ, M˜, µ, λ′ for which the remaining terms in (11)
are subdominant and the whole theory is stable under quantum corrections is the central
point of the rest of this paper.
We first impose the constraint that inflation last for a sufficient number of efoldings.
Assuming that the magnitude of the potential energy V is dominated by the first term in
(11), the number N of efoldings is given by:
N = − 1
M2pl
∫
V
V ′
dφ ' 1
M2pl
g2
16m2
φ4max , (16)
Using φmax = αMpl, we find:
m
gMpl
' α
2
4
√
N
. (17)
Note that we are interested in α <∼ 1; thus, m  gMpl. Since we also wish to impose a
sub-Planckian range of σ, and that range is set by M , this condition is at least compatible
with m <M∼ gM .
Our bound assumed that V is dominated by the constant term ∼ m2M2 during the first
∼ 10 efoldings of the visible epoch of inflation (the period which leads to observed CMB
fluctuations). We need to check that this is self-consistent. 10 efoldings corresponds to to
approximately ∂φmax
∂N
∆N ∼ 2.5
N
φmax which is a small variation, so we need simply check the
dominance of the constant term at φ ∼ φmax. Under these conditions,
m
gφmax
=
m
αgMpl
' α
4
√
N
 1 , (18)
so our assumption of the dominance of the constant term in V is self-consistent. Note that
in light of the discussion in the previous section, this demonstrates that for parameters that
yield the requisite number of efoldings, m  M. Also note that it is straightforward to
show that the slow roll parameters η ∼M2plV ′′/V ,  ∼M2pl(V ′/V )2 are both small given (17)
together with α <∼ 1.
We next check the scalar spectral index:
nS = 1− 3M2pl
(
V ′
V
)2
+ 2M2pl
V ′′
V
= 1− 24M2pl
m2
g2φ4
(
2m2
g2φ2
+ 1
)
' 1− 3
2N
. (19)
8
In the last term in the RHS we are assuming that 2m
2
g2φ2
 1: this is the same as the demand
that V in (11) is dominated by the leading constant term m2M2. If we take N between 50
and 60, ns varies between 0.97 and 0.975. This is within current bounds, particularly for
N ∼ 50. However future observations might be able to constrain this more strongly, and
perhaps even falsify the model. In any case, as we noted, in the rest of this paper we will
take N = 50 as the pivot point to match the model to the data.
Thirdly, we impose a constraint on m,M, g, α from the power in scalar fluctuations:
δρ
ρ
=
1
2pi
H2
φ˙
=
1
2pi
√
3M3pl
V 3/2
V ′
=
g2Mφ3
8pi
√
3mM3pl
, (20)
where we assume, following the above discussion, that the first term in (11) dominates the
magnitude of V . Using Eqs. (17) and (20), and that δρ/ρ ≈ 5×10−5, we find two constraints
on m,M, g, α. We can express any two in terms of the other two. For convenience, we will
use these equations to express m and M in terms of the two remaining parameters g and α,
which we will treat as independent parameters, at N = 50. We find
m
Mpl
' α
2g
28
,
M
Mpl
' 8 · 10
−5
αg
, (21)
where we substituted the first equation into (20) to obtain the second one. We note that the
parameters g and α cannot be completely arbitrary. In addition to g < 1 and α <∼ 1, their
choice must be made to maintain M/MPl <∼ 1, and ensure that the approximation where
we neglected µ and λ′-dependent terms is self-consistent, even when we include quantum
corrections. We will see that those requirements yield non-trivial restrictions on g and α.
Finally, the tensor-scalar ratio r is given by:
r = 6M2pl
(
V ′
V
)2
= 6M2pl
16m4
g4φ6
=
3m
2gMp
1
N3/2
. (22)
Using (17), we find
r =
3α2
8N2
' 1.5× 10−4α2 , (23)
well below the current bounds, and likely unobservable, given α < 1. Thus we see that if,
e.g, r were observed, and if nS ∼ 0.95, our model would be challenged by data.
Using the above constraints, we wish to display more explicitly the region in the space
of parameters m,M, g, α that satisfy them. First, the scale of the potential, and therefore
the lower limit (14) on the cutoff M is
V 1/4 '
√
mM ' √α× 10−3Mpl <∼ M/
√
4pi . (24)
As we noted above, we will impose the requirement that all the fields remain sub-Planckian,
in addition to the dimensional parameters that appear in the relevant operators of the theory.
The field range for σ is ∼ √2M so we demand M < Mpl as well as α < 1. This is what helps
keep the tensor power low. Furthermore, in principle this might have helped with keeping
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quantum gravity effects under control and allowing inflation and reheating to take place in
the same effective field theory. As have seen and will see, these conditions are sufficient for
neither. We have already argued that reheating takes place through a phase transition during
which energies and momenta of order the cutoff become activated. We will show below that
the Stewart model will be at best barely sub-Planckian, so that a large number of irrelevant
operators must have small coefficients, even if they appear as Planck-suppressed. Note also
that when it is helpful to gain a conceptual handle on the constraints of our theory, we will
impose a field space “democracy” with σ, φ <∼ M up to O(1) factors.
With these in mind, we find that the second equation in (21) combined with M/Mpl < 1
yields a bound
g >∼
8 · 10−5
α
. (25)
It is worth noting that this bound makes µ/m < 1 consistent. This is needed for φ to be
a good candidate for the inflaton with the fluctuations of σ suppressed during inflation. In
particular if we impose µ < µ∗, so that the plateau lasts for at least a Planck scale in range
before quantum gravity cuts it off, then combining µ∗ =
√
12 Mm
2
gM2pl
with the first of Eqs. (21)
and using inequality (25) gives µ∗ ' 3.4× 10−7αMpl, and so, using (25),
µ
m
< 0.1 . (26)
Consistency of our EFT also demands that mM∼ gM (using Eq. (14)). Combining
the two Eqs. (21) we find m/M = 500α3g2, and thus m/gM = 500α3g. We already noted
however that m/gM ∼ m/M  1, and will recheck it in the next section that requiring
radiative stability of the marginal operators in the theory yields an independent bound
g <∼ 1.6× 10−3, which guarantees m/gM < 1 as well as mM .
In the end there is a nontrivial subspace of the parameters m,M, g, α satisfying our
bounds. In Fig. 1 we have plotted a region in the space of g, α, which as we noted we treat
as independent parameters. For completeness we have also included the bound g <∼ 1.6 ×
10−3, which we will derive in the next section. Suppressing corrections to make the theory
radiatively stable favors weaker couplings, g < 1. However, as seen from Eq. (25), g cannot
be arbitrarily small as long as α < 1. Decreasing g mandates increasing M and/or α to keep
δρ/ρ fixed. Conversely, lowering α and/or M/Mpl puts pressure on the perturbativity of g.
The theory therefore does not really work at arbitrarily low scales, as is clear from Fig. 1.
Nonetheless, there is still a nontrivial window here; in particular, for e.g. α,M/Mpl ∼ 0.1,
we can have g ∼ 0.001, and so on.
We forewarn the reader that in the plots in Fig. 1 we have ignored the “elephant in
the room” of the Stewart model (5): the power law divergent contributions to the relevant
operators, specifically the mass terms. As we will argue, these require additional fine tunings,
unless a mechanism is found which cancels them. Our goal in this paper is to indeed provide
an example of such a mechanism, an embedding of (5) into a theory of dual forms, so that
φ, σ are pseudoscalars exhibiting axion monodromy. However even after the cancellation,
the bounds discussed here remain. In particular we stress that the EFT of hybrid inflation
can be at best barely sub-Planckian in order to be both technically natural and consistent
with data. The specter of quantum gravity still haunts hybrid inflation.
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Figure 1: Constraints on the inflation parameters g, α due to data and the naturalness
of marginal operators. The inclined line corresponds to the bound of Eq. (25), which
follows from M/Mpl ≤ 1. The vertical coordinate axis is the bound α ≤ 1. The
horizontal bound comes from g ≤ 1.6× 10−3 which follows from imposing naturalness
of quartic operators (see §2.3.2). The green shaded region is the regime for which the
Stewart model is consistent with all of these bounds. Note that this figure ignores
the bounds from naturalness of the mass terms, which are problematic for the Stewart
model (5). The reason we are ignoring these bounds is because ultimately they may be
addressed by embedding (5) in dual form monodromy, as we will outline in §3.
The reader may be disturbed that M may well be the UV cutoff of many string com-
pactifications. As we have discussed above and will expand on in more detail in §3, this does
not place the theory outside of the bounds of effective field theory below said cutoff.
2.3 Quantum stability
In this section we discuss the degree to which the Stewart model (5) can be rendered tech-
nically natural. The model will pick up corrections that include all of the terms in (7). If
we take the Stewart model as the tree-level action, the corrections will be generated through
loops by the coupling g2. We will thus assume that the additional relevant and marginal
couplings in (7) that are absent from (5) will be of the order of these loop corrections. The
field theory corrections to irrelevant terms are also dangerous. For these terms, we will
note that quantum gravity is expected to generate Planck-suppressed operators with order
O(1) coefficients in a theory of quantum gravity, and we will find that these dominate the
corrections generated by QFT loops. We will then show that despite the sub-Planckian field
ranges of the Stewart model, a large but finite number of irrelevant operators must have
11
small coefficients in order for the Stewart model to be a good description of the dynamics,
so that an additional mechanism or fine tuning is needed to suppress irrelevant operators. In
§3, we will show that axion monodromy can provide it, as it does for large field inflation [12].
The relevant terms in the Stewart model comprise the linear term ∝ m2Mσ, which does
not get corrected, as we have discussed, and the scalar masses m,µ. As with the Standard
Model, the masses suffer from a potential hierarchy problem. We can realistically expect
field-theoretic corrections to give δm2, δµ2 ∼ g2
16pi2
M2 where M is the cutoff, under the
generous assumption that φ, σ couple with strength g to ultraviolet degrees of freedom. This
encodes the well-known ultraviolet sensitivity of the masses. There is also a weaker version
of the hierarchy problem, which is that the loops of the heavy field σ can correct the light
mass of φ by large terms.
In general, we can tame these corrections to a certain degree if we assume that a softly
broken shift symmetry holds up to the fundamental scale in the limit g → 0. This of course
is technical naturalness. Current lore is that nonperturbative quantum gravity effects spoil
such symmetries.6 An open question is whether these effects include relevant operators.
As case studies of related Euclidean wormhole effects on the Peccei-Quinn symmetry of
axion potentials show, the complete resolution of these questions remains open [37, 38] (see
also [39, 40]). All we will do for this paper is merely parameterize the problem, leaving the
issue of the existence of softly broken symmetries conceptually unresolved. We will instead
argue in §3 that gauge symmetries of the dual formulation in terms of massive 4-form field
strengths may accomplish the same goal.
2.3.1 Scalar masses
Mass terms for φ, σ at the cutoffM would clearly invalidate our EFT, pushing all dynamics
to the cutoff. Furthermore, if we estimate M ∼ gM , we have shown that constraints from
data imply that m/M ∼ 500α3g. If we impose the constraints on g . 10−3 from technical
naturalness, and demand that inflation occur over a sub-Planckian field range, then some
mechanism must keep m well below the cutoff. Furthermore, we must also impose µ  m.
If we require that the second derivative of µ2φ2 be subdominant to the second derivative of
the second term in (11), then, if m,µ ∼M, we find that this condition combined with (17)
implies that
M 
( µ
m
)
×
√
4N
3
Mpl ∼
( µ
m
)
× 8Mpl (27)
so that a sub-Planckian field range for σ requires µ < 0.12m.
Now let us assume for a moment that the mass m is pushed up to m ∼ gM/4pi ∼ g2M/4pi
by UV corrections. Using Eq. (17) we find gM/Mpl = α
2pi/
√
N . Combining this with the
second equation in (21), we can solve for α to find α ∼ 0.06. Looking at Figure 1, there is
still a small range of g for which this barely sub-Planckian theory is viable, in the far left
corner of the shaded region.
Note that M ∼ gM is at most a lower bound on the scale of new physics. In practice,
new physics could appear up to the Planck scale, and thus push the technically natural
6Perturbative quantum gravity effects preserve the shift symmetry of scalars: see [2, 12].
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scale for m farther up still. In this case, the above argument shows that α is pushed up
towards 1. As with the Higgs mass, there is no clear barrier to new physics appearing up
to the fundamental Planck scale, be this the 4d or 10d Planck scale. If M is close to the
Planck scale, gM . 1015 GeV (using the constraints on g we will discuss below), so a higher
fundamental scale indicates a more serious hierarchy problem beyond the existing need for a
little hierarchy between µ ,m. This little hierarchy in itself is still a problem, albeit possibly
a weaker one.
In the end, controlling µ ,m in the face of QFT and quantum gravity corrections requires
unnatural fine-tunings or an explicit mechanism. In §3 we discuss one such mechanism,
axion monodromy. This promotes the scalar masses to gauge field masses which are much
less sensitive to UV corrections, whether from QFT or quantum gravity [16] (this is not
to say that the mass is completely unconstrained [16, 27].) If the cutoff scale contributions
∼ gM/4pi to the masses m,µ are prohibited by a mechanism such as monodromy, the theory
could be natural, UV safe and consistent with the data. We will show explicitly how this
happens in hybrid monodromy in §3.
2.3.2 Marginal couplings
If we begin with the Stewart model (5) at tree level, we will induce not just mass terms
but marginal quartic couplings 1
4
λσ4 and 1
4
λ′φ4. The induced couplings λ, λ′ will be of
order g4 (times some factors we will discuss momentarily). If we write down our EFT
with couplings of this order from the outset, these couplings are technically natural. If we
choose g sufficiently small, we will see that these couplings will remain subdominant and
(5) is a good approximation to a model that is stable to quantum corrections in the regime
that generates phenomenologically acceptable epochs of inflation and reheating. Thus, the
marginal couplings by themselves are under control, in principle - if we were to ignore the
relevant operators, the marginal couplings could be natural.
We estimate the size of the quantum corrections following the discussion of [32]. The
quantum corrections to the quartic terms will include the term
Lradiative 3 g
4
64pi2
ln
(
g2φ2
M˜2
)
φ4 . (28)
This set of terms arises from summing together the 1-PI irreducible diagrams renormalizing
φ4 terms due to the virtual σ modes. Here M˜ is the subtraction scale, which is in principle
arbitrary. For example, it can be taken to be the mass scale of the σ field during inflation,
which is integrated out to generate the effective φ theory; or it might be the cutoff of the
2-field hybrid model (since, practically, we do not expect that they are far apart).
The log will give the largest contribution if the argument is small. This means, we will
get the strongest correction to the scalar field potential for the smallest values of φ, σ during
inflation – i.e., near the exit. Since we already noted that the EFT during inflation will fail
at the exit, needing a different EFT to describe reheating, we will here only require these
corrections to remain under control during the early stages of inflation. To illustrate this
quantitatively, let us take g of order 10−3 and α ∼ 0.1, with the cutoff M ∼ 10−2Mpl. In
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this case the log is of order unity; the loop factor 64pi2 in the numerator gives a suppression
factor of order 10−3, so this gives a correction to φ4, σ4 of order 10−3g4. Note that these
values of g, α are within the allowed region in Fig. 1.
The strongest constraint on the φ4 term is that its second derivative be subleading com-
pared to the second derivative of the first two terms in (11). As we discussed previously, this
means that the inflection point induced by the quartic corrections to (11) is far enough to al-
low the plateau to yield ∼ 50 efolds of inflation. In our numerical example, ln(g2φ2/M˜2) ∼ 1,
and we find that this condition combined with Eqs. (17) gives
g <∼ 1.6× 10−3 . (29)
This is the bound we incorporated preemptively in Fig. 1. We see that this leaves a small
region of parameter space that is consistent with both naturalness of the quartic couplings,
and with sub-Planckian expectation values for φ, σ. As noted, these scalars cannot be hugely
sub-Planckian: in this range one or both are within an order of magnitude of Mpl. Allowing
for both scalars to have smaller ranges would require larger values of g. In turn this would
require either finely tuned small quartic couplings for φ or some additional mechanism to
suppress the self-coupling at all orders in the loop expansion. We of course assume that the
theory is natural here, without large cancellations between regularized and bare terms in the
loop expansion.
Note that in [12], we have discussed a very similar-looking problem with single field
inflation, namely radiative corrections to the inflaton potential V . The point there was that
the QFT corrections to V (φ) are automatically natural since they are of the form F (η)V ,
where F (η) is an analytic function of η ∼ M2Pl
V
∂2φV at η = 0, with O(1) expansion parameters.
Thus during inflation, if the potential V is chosen to be flat, η  1 and loop corrections
will remain small. In this model the new issue arises from the presence of the new field σ,
and its new couplings to φ. The Stewart model requires the biquadratic potential φ2σ2 to
dominate the φ2, σ4 terms. The bound (29) ensures precisely that.
Yet as we just stressed in the previous subsection, without some additional mechanism(s)
to suppress the masses, and preserve a small hierarchy between them, it is not even possible
to keep the field ranges below the Planck scale without fine tuning. And even if we tune the
field range for M , we still need α < 0.12, which in turn implies g ∼ 10−3, as designated in
Figure 1. This shows just how fine tuned the theory must be – baring hierarchy protection
mechanisms. One might hope that selecting a special scale in the log in Eq. (28), which
makes the log very small might help [31], however this would only make sense if the UV
corrections are tamed. Thus our discussion showcases just how desperately the model needs
a mechanism in the UV to protect it from large quantum corrections to the masses.
2.3.3 Irrelevant couplings
Finally, let us consider the irrelevant operators. In addition to being a potential problem
in QFT, these are also a portal for the effects of quantum gravity to come in. Let us first
note that the latter are far more dangerous. Basic dimensional considerations indicate that
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integrating out σ during inflation will give corrections of the form7
δLp ∼ g
4+2pφ4+2p
M2p (30)
Taking the lower bound M∼ gM and applying the second equation in (21), we find
δLp ∼ g4
(
gα
8× 10−5
)2p
φ4+2p
M2ppl
(31)
For g ∼ 10−3, α ∼ 0.1, and noting that we are ignoring phase space and symmetry fac-
tors, this is generally smaller by a factor of g4 as compared to Planck-suppressed operators
with O(1) coefficients. We will therefore focus on the latter but note that in general QFT
contributions will also need to be suppressed.
Estimates such as the one above can be overly pessimistic. We know that in QFT, a
series of operators which individually look dangerous, can sum up in the effective action
such that the relevant effective potential remains flat. Essentially this can happen when the
loop expansion is an alternating series, with operators of the form φp+4 having signs (−1)p.
As a result the sum total of all the operators which should be included in the EFT is merely
a log correction to the leading term, as discussed in the previous section (see [12]). Thus the
irrelevant operators then need not be a show-stopper, and indeed flattened potentials such
as those discussed in [11,17] depend on them.
However in the presence of the extra field σ, and with quantum gravity corrections having
no known pattern, we will be maximally conservative, and instead outline the conditions
which guarantee that operators irrelevant in the RG sense are also irrelevant in the sense of
not contributing during inflation. To this end, we will focus on the potentially the worst-
behaved terms which are higher powers of the lighter field φ, normalized for convenience by
the Planck scale Mpl. This is merely a matter of choice; a different normalization would yield
apparently different numerical statements, but the contents would be exactly the same. So
consider a coupling of the form
δV =
δp
(p+ 4)!
φp+4
Mppl
. (32)
If such corrections are too large, they behave as the inflaton mass term, shortening the width
of the hybrid plateau of (10). More specifically, the magnitude as well as derivatives of such
operators during inflation need to be smaller than the value and derivatives respectively of
the tree-level potential in Eq. (11). Focusing on the second derivative, we find that
δp  (p+ 2)!α−p × 1.2× 10−13 . (33)
Thus for α ∼ 0.1 we still need a mechanism which suppresses a finite set of irrelevant
operators. This mechanism must suppress both QFT and quantum gravity corrections. To
7Aside from the overall prefactor ∼ 1/16pi2 this term displays correct normalizations as per NDA. We
will however ignore these factors in this section, since our main purpose here is to outline the issue. Such
additional numerical factors may in fact be helpful.
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this end, a sub-Planckian axion, with or without monodromy, should be effective. We stress
– as we noted above – that if there are cancellations between adjacent irrelevant operators in
the EFT expansion of the effective potential, as in the case of large field models or Coleman-
Weinberg theories where irrelevant operators comprise an alternating series, that could help
too. Our analysis of individual operators nevertheless shows that this may be easier to realize
with sub-Planckian field ranges and parameters. As we have stressed all along, a mechanism
which subverts the UV sensitivity of the masses is beneficial, since it will also help with the
irrelevant operators.
The upshot is that even though our model has sub-Planckian field ranges, the irrele-
vant operators are not automatically guaranteed to be parametrically suppressed relative to
the Planck scale. The Planck-suppressed irrelevant operators of sufficiently low dimension
might in fact interfere with slow-roll inflation unless their dimensionless couplings are kept
sufficiently small.
3 A pseudoscalar realization and its 4-form dual
Small field hybrid models of inflation, as exemplified by the Stewart model, face two serious
issues:
• The scalar masses are UV sensitive within the confines of QFT;
• There are Planck-suppressed irrelevant operators which require very small dimension-
less coefficients.
As we will review and develop here, both of these problems may be addressed by considering
φ, σ as pseudoscalar axions dual to massive 4-form field strengths [16]. The masses µ,m are
dual to the gauge theory masses, which are not UV sensitive; while corrections to the scalar
potential are suppressed by additional powers of the ratio of the masses to the cutoff, m/M,
µ/M. These effects follow from the gauge symmetries of the model. In the duality frame
described by the 4-form field strengths, these are a pair of nonlinearly realized U(1) gauge
symmetries, with Stu¨ckelberg fields restoring the gauge symmetry of the mass term. In the
dual scalar theory the gauge group is discrete Z × Z, with each factor acting on a scalar
and on a discrete variable. These discrete variables are dual to 4-form flux, labelling distinct
branches of a multivalued potential [8,12,16], and act as a sort of discrete Stu¨ckelberg field.
The symmetries are obscured on the scalar side by their nonlinear realization combined
with gauge fixing, which follows from picking a specific branch where the scalar longitudinal
modes of the massive 4-form field strengths reside. Nevertheless the gauge redundancies
remain operational in the full phase space of the theory, ensuring technical naturalness and
protecting the scalar dynamics from the perils of quantum gravity. In the end, our goal here
is to rewrite the Stewart model as an example of a simple gauge fixed EFT of massive 4-forms,
and demonstrate how the ills of the scalar theory may be healed by gauge symmetries.
We find that for scalar theories satisfying the constraints outlined in §2.2, with sub-
Planckian field ranges, the dual theory appears to be very strongly coupled: dimensionless
coefficients of the leading irrelevant operators, written as powers of the field strength, are
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pushed to be large. The duality map yields an NDA-like presentation of the pseudoscalar
action in terms of which the functions defining the potential appear to have large coefficients
in a Taylor series expansion. These apparent large couplings are the price we pay for our
mechanism for controlling m,µ, while maintaining sub-Planckian field ranges in the face of
constraints given by the data.
However, these coefficients may not be the proper measure of couplings, governing
the scattering amplitudes of asymptotic states. Absent mass terms, the 4-forms are non-
propagating; with masses, the propagating modes are the longitudinal ones, which come
multiplied by powers of the gauge field mass. Thus, the physical asymptotic states have
couplings that are suppressed by ratios like µ/M, m/M. Wavefunction renormalizations
(aka “seizing” [41]) can push down the effective coupling further. The irrelevant operators
induced by the leading “large” coupling are natural in the na¨ıve sense – that is, they have
order O(. 1) dimensionless coefficients.
A complete exploration of naturalness and NDA for massive p-form gauge fields has not
been carried out and we will not do so here. A UV completion of our 4-form theory, would
be an important way to explore the range of validity of our EFT. We will outline the issues
that we encounter and point the way to possible resolutions.
3.1 Single field dual
To illustrate the massive axion-massive 4-form field strength duality, let us review the case of
a single pseudoscalar field theory as in [16,17]. This procedure has been discussed previously
in [42–45]. We will review it in detail first, adding some new interpretational comments which
we hope are clarifying, and proceed to the two-field case.
We begin with the EFT action (in the +−−− convention),
L = 1
2
(∂φ)2 −M4∗V (
µφ
M2∗
) . (34)
In [16, 17] we have normalized (34) using the rules of Na¨ive Dimensional Analysis (NDA)
[34,35]. We have also chosen to canonically normalize the scalar kinetic term, and ignore the
higher derivative terms which appear as irrelevant operators in the full effective action, but
can be neglected on a subclass of backgrounds even when the argument of V is large [16,17].
Here it appears that we have inserted the mass scale µ (which is the scalar mass at small φ)
by hand. As we will see, on the dual gauge field side this is both the gauge field mass and the
coupling of the longitudinal mode of said gauge field. This gives an avenue to tame the UV
sensitivity of the masses, since gauge symmetry links them to couplings which are far less
UV sensitive. So the point of this exercise is to take an apparently constrained Lagrangian
and check if it arises from a natural one in the dual frame.
The potential V is the effective potential viewed as an asymptotic series in the argument.
As such we imagine calculating it to finite precision, truncating the theory to finitely many
irrelevant operators. In [16, 17], we assumed each term in this series had order O(1) coeffi-
cients, so that in a sense the theory is strongly coupled. This allowed for the flattening of
the scalar potential at large field ranges. In single-field, large-field-range inflation models we
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are pushed into this regime by the data: flatter potentials yield smaller tensor-scalar ratios
and are therefore favored by the increasingly tightening bounds on r by data. Thus in that
analysis we ignored the additional source of small numbers in the effective action due to
small dimensionless coefficients in V , which can be attained starting at strong coupling near
the cutoff and then running the theory to lower scales. For this review we will stick to the
strongly-coupled theory, in order to focus on one set of issues at a time.
The central idea behind making the theory (34) natural is to promote φ to a pseudoscalar
axion ϕ with a periodicity ϕ → ϕ + f , by defining µφ ≡ µϕ + Q. Here Q = ne, n ∈ Z
is a discrete variable, and e a discrete charge defining µf = e. The theory now has a
discrete gauge symmetry Z acting as ϕ → ϕ + f , n → n − 1 [12, 16]. The Z symmetry is
spontaneously broken by picking a branch with the specific value of Q, which plays the role of
the Stu¨ckelberg field for ϕ. Then φ ranges over a single branch of the multibranch potential.
This branch structure, which was pointed out in discussions [28, 29] of the θ-dependence of
the vacuum for large-N gauge fields, is the basis of axion monodromy.
Given this discrete gauge symmetry, the form of (34) implies that we should write the
potential as a function of µϕ + Q rather than ϕ + nf . Our strongest justification is that
the dual 4-form field strength theory can be written in terms of a (strongly coupled) natural
theory, with a gauge field mass protected from UV corrections and irrelevant gauge-invariant
operators suppressed by M∗ with O(1) dimensionless coefficients. We will thus maintain
the attitude that at high energies (but below the cutoff), the fundamental theory is that of
a massive 4-form field strength, with mass µ. Let us then review this theory, and see how it
leads to dual pseudoscalar theory of the form (34).
The low energy EFT of the flux monodromy inflation model of [16,17] is the most general
massive abelian three-form gauge theory, including all the irrelevant operators allowed by
gauge symmetry, and excluding ghosts. The action is8
L(full) = − 1
2 · 4!F
2
µνλσ −
µ2
12
(Aµνλ − hµνλ)2 −
∑
n>2
cn
n!M2n−4∗ F˜
n (35)
−
∑
n>1
c′n
2nn!M4n−4∗ µ
2n(Aµνλ − hµνλ)2n −
∑
k≥1, l≥1
c′′k,l
2kk!l!M4k+2l−4∗
µ2k(Aµνλ − hµνλ)2kF˜ l ,
where A is the gauge field 3-form, F = dA, F˜ = ∗F = − 1
4!
µνλσF
µνλσ, b a two-form
Stu¨ckelberg gauge field with field strength h = db, and µ plays the role of both the gauge
field mass and the Stu¨ckelberg mode coupling. Gauge symmetry and the Goldstone Boson
Equivalence Theorem (GBET) then assert that any power of A not covered by a derivative
must be multiplied by the same power of µ [16]. Finally, M∗ is the strong coupling scale of
the low energy EFT of the form sector, and M = √4piM∗ is the cutoff. We have followed
the canonical normalizations of the operators in (35), having introduced the appropriate
combinatorial terms. This implies that in the strong coupling limit, near the cutoff M, the
coefficients ck are all O(1) – within an order of magnitude. Clearly, our normalizations follow
the NDA prescriptions of [34, 35] for the 4-form field strength F and its associated 3-form
8Using the equations of motion to eliminate terms with ∂kF factors, which encode spurionic massive
ghosts at the cutoff.
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potential A, with the additional statement that all the couplings are set to their maximal
value where (35) is still valid.
It is straightforward to dualize (35) for small field values, near the vacuum F = A = 0,
where the action reduces to only quadratic terms. In this limit, we can proceed by treating
the Stu¨ckelberg mode h as a 3-form whose exactness is enforced via a Lagrange multiplier
µϕµνλσ∂µhνλσ/6, and also adding another Lagrange multiplier Q
µνλσ(Fµνλσ − 4∂µAνλσ)/24
which enforces F = dA. Then integrating out h and F yields the dual effective action
Lquadratic(ϕ,Q) = 1
2
(∂ϕ)2 − (µϕ+Q)
2
2
+
1
6
µνλσQ∂µAνλσ , (36)
where the last term enforces ∂Q = 0. Here as we noted above Q = Ne, where e is the
fundamental 4-form charge; N ∈ Z; and φ ≡ φ + f where µf = e [12]. Thus clearly the
canonically normalized field is φ = ϕ+Q/µ, as stated above.
It is useful to understand the dualization from the canonical point of view. Near the
vacuum, integrating out the fields F = dA and h = db, and absorbing h into A via a gauge
transformation, leads to the conditions [16, 17]
µϕ+Q = − 1
4!
µνλσF
µνλσ , − νλσµ∂µϕ = µAνλσ . (37)
These are canonical transformations, since we are trading one ‘coordinate-momentum’ con-
jugate pair for another. We treat these as IR dualities. At the level of the quadratic terms,
which dominate in the IR, this transformation preserves the form of the Hamiltonian of the
theory, and so also the perturbative ground state.
In the large field regime, for which the higher-order terms in (36.35) become important,
the generalizations of the maps (37) become more complicated. Nevertheless, we can outline
the general procedure for how to proceed. The point is that both representations of the theory
have the same local degrees of freedom, and the same underlying dynamical symmetries. The
4-form frame shows that the mass parameters are not UV sensitive (although they are not
calculable in the EFT, and must be treated as inputs). This is precisely what we need to
deal with the hierarchy problems of marginal operators in hybrid inflation a` la Stewart.
The procedure is conceptually the same as in the quadratic limit; we start with (35), add
the Lagrange multipliers µϕµνλσ∂µhνλσ/6 and Q
µνλσ(Fµνλσ − 4∂µAνλσ)/24, and go from
there. All we really need to do is treat F and h as independent variables in (35) extended
with the Lagrange multiplier terms, compute partial derivatives of the complete action with
respect to them (and set h = db at the end, to eliminate it using gauge invariance of A),
obtain (nonlinear) equations relating µϕ + Q and ∂ϕ to F and A, and invert them to
determine the coordinate change A,F → ∂ϕ, µϕ+Q. Since the 3-form gauge potential Aµνλ
couples to a worldvolume of a membrane with charge e – and the volume of the gauge group
is tuned to be compatible with the discrete membrane charge – the associated 4-form field
strength Fµνλσ = 4∂[µAνλσ] is then quantized in units of e. So “integrating out” F means
summing over all the quantized values, which enforces the quantization of Q, also in the
units of e.
A lesson we draw here is that the field Q is central to this duality. As a discrete variable,
it is dual to the transverse (non-propagating!) degrees of freedom of a 4-form field strength.
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The field ϕ is dual to the gauge mode, and acquires dynamics when the 4-form theory is
given a mass.
The resulting effective Lagrangian in terms of the scalar variable ϕ, which is valid up to
the scale M = √4piM∗, is
L = 1
2
(∂µϕ)
2 − 1
2
(µϕ+Q)2 −
∑
n>2
c˜n
(µϕ+Q)n
n!(M2∗)n−2
−
∑
n>1
c˜′n
(∂µϕ)
2n
2nn!(M2∗)2n−2
−
∑
k≥1, l≥1
c˜′′k,l
(µϕ+Q)l
2kk!l!(M2∗)2k+l−2
(∂µϕ)
2k . (38)
where c˜n are in general complicated functions of cn from the dual form side. After the
transformation we take them to be ∼ O(1) by naturalness of the strong coupling expansion,
unless they are prohibited by additional symmetries. The irrelevant operators in (38) can
be activated above the scale M∗, without activating the UV degrees of freedom which only
start to appear at scales above M.
As discussed in [16, 17], the theory (38) supports two distinct phases above the strong
coupling scale, depending on the importance of the higher derivative operators (∂ϕ)2k with
k > 1. Here we will restrict our attention to only the phase where the higher derivatives are
dynamically suppressed, and only the quadratic derivative terms play a significant role. In
this limit (38) can be formally resumed, yielding
L = 1
2
Zeff ( µφM2∗
)(∂µφ)
2 −M4∗Veff ( µφM2∗
) , (39)
where Zeff and Veff are dimensionless functions, and the normalizations of the arguments
reflect NDA and gauge symmetries. Here we defined φ = ϕ + Q/µ. Clearly, the field
redefinition
√Zeff dφ → dφ canonically normalizes the scalar and puts (39) in the form
(34), rearranging the formal sum of the irrelevant operators activated above the strong
coupling scale.
Importantly, the duality transformation (37) changes the na¨ıve dimension of an operator
when the variables are exchanged. This occurs because we are replacing a field ‘coordinate’
with a field ‘momentum’ (i.e. derivatives of fields). Trading a field variable for a momen-
tum lowers the dimension by two, while the converse raises the dimension by two. The
kinetic term becomes a mass term and vice-versa. This is properly accounted by the NDA
normalization in (34), which includes the powers of the mass with the field variables. Our
procedure shows that this has a dual in which the mass appears as a gauge field mass, and
the irrelevant operators (powers of the 4-form) have a standard expansion in powers of F
divided by the strong coupling scale M∗.
On the dual 4-form side, the scalar field theory marginal couplings appear to be irrelevant
as reflected by the change in normalizing dimensions by the powers of the cutoff. As we
stressed above, if the scalar self-interactions contain additional small parameters, the dual
irrelevant operators will include small numbers which cannot be completely reproduced by
the mass scales and wave function renormalizations. Therefore in what follows for the
sake of completeness we will treat leading longitudinal mode self-couplings as independent
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renormalized scalar theory couplings. In a natural theory, due to running, they will saturate
at ∼ O(1) near the cutoff. Well below the cutoff, at weak coupling, this may yield an
additional reduction of the coefficients in the effective action as noted in [35]. Nevertheless,
we will find that the requirement of naturalness of the theory and restriction to sub-Planckian
scales and inflationary field ranges pushes the theory out of this weak-coupling regime.
3.2 Dual of a two field hybrid model
We now turn to illustrating how to embed the family of two interacting scalar field theories
that can support hybrid inflation, and contain the Stewart model as a limit into a dual theory
of two interacting 4-form field strengths. In this case, in addition to the complications arising
due to nonlinear terms, the model also includes a term linear in σ. In principle, we could
try to just shift the field until the linear term is absorbed away. However, σ ∼ 0 gives the
“instantaneous” vacuum (in the Born-Oppenheimer sense) in the σ sector at the beginning
of inflation. As we noted above, in our version of hybrid inflation, the inflaton (φ) mass goes
up to the cutoff at the end of inflation; while the σ mass drops below the cutoff as φ → 0,
as seen in Eq. (13). Since we regard the pseudoscalar-4-form duality as an IR duality, with
field and operator dimensions computed from the IR fixed point, we must carefully specify
the EFT and thus the scalar field value about which we perform the dualization.
In this section we will compute the dual form theory following these steps:
• We will establish the dual correspondence of the canonical variables on the two sides,
using NDA-normalized variables; in order to connect σ and φ with their dual forms,
we invoke the sector of the theory just at the end of inflation, but before σ relaxes to
the true vacuum; here both scalars are light.
• We will show that the scalar kinetic terms dualize to mass terms for the dual forms.
• We will then identify the NDA-normalized non-linear couplings.
• We will establish the mapping between the operators on the two dual sides in the weak
coupling; we will identify the lower bound on the cutoff of the theory in terms of the
dimensional parameters in the EFT. By weak coupling we mean that dimensionless
couplings for operators normalized by the cutoff are small, and the theory is in some
sense close to Gaussian.
We are limiting this section to weak coupling for illustrative purposes. In §3.3 we will find
that the bounds from naturalness and from observations, which we explored on the scalar
side, appear to imply that the dual form theory must be in strong coupling during inflation.
We will discuss the possible implications of this observation there. The main result here will
be a somewhat telegraphic walk through the duality transformation, skipping some of the
explicit steps above; the reader can however readily fill in the missing steps of the complete
analysis.
Let us begin by establishing the canonical transformation between the scalar and 4-form
pictures, setting up the ‘dictionary’ for transitioning from one side to the other. To simplify
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our formulae, we will use the dimensionless zero-form duals of the 4-forms:
F = − 1
4!M2∗
µνλσF
µνλσ , G = − 1
4!M2∗
µνλσG
µνλσ , (40)
Here F = dA, G = dB locally; globally, the values A,B in different charts of the cover of
spacetime may be related by 2-form gauge transformations A→ A− dΛA, B → B − dΛB in
the overlap between the charts.
The scale M∗ in (40), included for dimensional reasons here, is the strong coupling of
the scalar EFT (7), as per NDA. We will link it to the theory’s dimensional parameters
below. Note that since we are interested in dualizing a model of hybrid inflation for which
higher-derivative terms do not contribute to the dynamics, we restrict our attention to only
the terms which are quadratic in derivatives. Note that we will ignore terms of higher than
quadratic order in ∂φ, ∂σ. In standard slow roll inflation, these terms are kept small by
the dynamics [17]. As in that work there could be other regimes of the theory in which
higher-derivative terms could also assist a slow-roll phase of the theory. A hybrid model
with these higher-derivative terms activated would be an interesting topic for future work.
We expect that the dual scalar theory in general takes the form
L = 1
2
Z( µφM2∗
,
mσ
M2∗
)(∂φ)2 +
1
2
Zˆ( µφM2∗
,
mσ
M2∗
)(∂σ)2 −M4∗ V(
µφ
M2∗
,
mσ
M2∗
) . (41)
As in the single-field case, we introduce the axions ϕ and χ, which are related to the hybrid
inflation scalars φ and σ via:
µφ = µϕ+Q , mσ = mχ+ P . (42)
This is to say that the discrete gauge symmetry Z × Z shifts Q,ϕ and P, χ so that φ, σ
remain unchanged. The compact scalars ϕ, χ are the duals to the longitudinal modes of
the full massive form system: more precisely dϕ, dχ are dual to the 3-form Stu¨ckelberg field
strengths. They can be absorbed into the local fluctuations of the massive 3-form potential
via gauge fixing.
The functional form (41), in which non-derivative couplings of φ, σ come multiplied by
factors of µ,m, and normalized byM∗, is based on our experience with the single-field case.
In the weak coupling limit we study here, this form is justified in that it produces a natural
theory of 4-forms, in the sense of NDA. It should be possible to justify this combination of
mass parameters and scalar field values entirely within the scalar frame by utilizing discrete
gauge invariances of the model, with the explicit discrete Stu¨ckelberg fields P,Q, but we
leave this for future work.
To formally dualize the scalar theory, we have found it useful to employ the dimensionless
variables
Φ =
µϕ+Q
M2∗
, X = mχ+ PM2∗
, (43)
and then rewrite the potential in (41) in terms of them. We call these “NDA-normalized
variables” as the potential V and the kinetic functions Z, Zˆ, can be written in terms of
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them. Furthermore, imagine for the moment that we can approximate Z, Zˆ ' 1. Adding
and subtracting the Lagrange multiplier terms ΦF + XG, the “chimera” Lagrangian that
ensues is
L = 1
2
(∂ϕ)2 +
1
2
(∂χ)2 +
µϕ
4!
µνλσF
µνλσ +
mχ
4!
µνλσG
µνλσ−M4∗
(
V(Φ,X )−Φ F−X G
)
, (44)
which, after integrating the scalar-4-form bilinears by parts, becomes
L = 1
2
(∂ϕ)2 +
1
2
(∂χ)2− µ
3!
µνλσ ∂µϕA
νλσ +
m
3!
µνλσ ∂µχB
νλσ −M4∗
(
V(Φ,X )−Φ F−X G
)
.
(45)
The first four terms dualize to mass terms for A, B: we can complete the squares for the
scalar derivatives and integrate them out, with the remaining terms being precisely µ2A2 and
m2B2. This part is straightforward because this contribution to the Lagrangian is bilinear
at weak coupling.
What remains is to dualize the effective potential, and replace the variables Φ and X
with F and G defined in (40). We can treat the last four terms in (45) independently from
the rest because Φ,X are combinations of the discrete Stu¨ckelberg fields Q,P , and so can
be varied independently of ϕ, σ. The 4-form dual of the final term in brackets in (45) is the
Legendre transform of the effective potential. In practice, we integrate out the fields Φ,X
to replace them with F, G, which means inverting [44,45]
F = ∂ΦV , G = ∂XV , (46)
and substituting Φ = Φ(F, G), X = X (F, G) into K = Φ F+X G−V(Φ,X ). In doing this, we
bear in mind that during inflation the scalar σ is much heavier than φ – in fact it may be
heavier than the cutoff M∼ gM . Since it is changing very slowly, with initial value σ ' 0,
the field σ remains displaced from its true minimum at
√
2M for a period after inflation
ends, when σ is much lighter than during inflation. Thus we can pick the transient value
of σ ' 0 as a “pivot” to dualize the scalar theory at it. This means that we should dualize
σ around zero during inflation and right after inflation, and around
√
2M at the very late
stages after inflation when much of reheating takes place, when σ oscillates around the true
minimum. The region near σ =
√
2M , about which the theory reheats, and the “plateau”
at σ ∼ 0 describing inflation and its end prior to reheating, are different phases; they are
best treated as distinct EFTs as we already explained in §2. In the latter, σ remains heavier
than φ. This is true even for small φ when we choose m  µ, as we do if we wish φ to be
the inflaton. Near σ =
√
2M , φ becomes the heavy field with a mass at or near the cutoff.
These phases must in general be connected inside a UV completion.
We compute the duality transformation for the case that V is has the functional form
(7): in terms of Φ, X , this is:
V = 1
2
Φ2 +
1
2
(X − γ)2 + g¯2
4
Φ2X 2 + λ¯
4
(
X 2 − δ2
)2
+
λ¯′
4
Φ4 + . . . , (47)
where the rescaled couplings are:
γ =
√
2
mM
M2∗
, δ =
mM˜
M2∗
, λ¯ = λ
(M∗
m
)4
, g¯2 = g2
(M2∗
mµ
)2
, λ¯′ = λ′
(M∗
µ
)4
. (48)
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These are the couplings that appear in the 4-form dual; we have not written out the operators
that would be irrelevant in the scalar frame. We expect that a proper formulation of NDA
for this theory will involve potentials and coefficients of (∂φ)2, (∂σ)2 that are functions of Φ,
X , g¯2/16pi2, λ/16pi2, λ′/16pi2. The appearance of couplings with factors of 1/16pi2 generally
arises in effective actions due to phase space factors in loop integrals [35].
In this section, to provide an explicit example, we will work in the approximation
λ¯, δ, λ¯′  g¯2 <∼ 1, and drop terms proportional to λ¯, λ¯′, δ. This limit is consistent with
the functional form of the Stewart model. Note that this “weak coupling” assumption is
stronger than the assumption that λ, δ, λ′  g2 <∼ 1; as we will see when we impose consis-
tency with the constraints of §2, data pushes g¯2 to be large. Yet it can remain the domain
of strong coupling below the cutoff of the NDA-normalized action. We will retain only the
lowest order irrelevant operators on the dual form side, as they are duals of the marginal
operators on the scalar side. We will neglect writing out explicitly the higher dimension
irrelevant operators here; we will however need to discuss them in §3.3, when we go to
comparatively large φ in order to describe the epoch of inflation that imprints on the CMB.
To solve Eqs. (46), we solve the nonlinear equations one at a time, and perform the
expansion of the algebraic inversions of (46) in Taylor series in the couplings (48). This
means, formally, that we take the “instantaneous vacuum” to be controlled by the root of
the nonlinear equations (which, to any finite order in couplings, are polynomials), dominated
by the linear terms. The solutions remain perturbative in the coupling constants, and thus
consistent with the EFT description. Using (47) in (46), inverting, and expanding in the
couplings, we find:
Φ = F
(
1− g¯
2
2
X 2
)
+O(λ¯, λ¯′, g¯4)
X =
(
G + γ
)(
1− g¯
2
2
Φ2
)
+O(λ¯, λ¯′, g¯4) . (49)
Since we want solutions which are perturbative in the coupling, we can use each of these
equations to O(1) to replace the terms to O(g¯2) in the other, and find the correct answer to
the order g¯2. Thus, the inversion formulas are
Φ = F
(
1− g¯
2
2
(
G + γ
)2)
+O(λ¯, λ¯′, g¯4) ,
X =
(
G + γ
)(
1− g¯
2
2
F2
)
+O(λ¯, λ¯′, g¯4) . (50)
Substituting these into K = Φ F + X G− V(Φ,X ) and using (47) finally yields
K =
1
2
F2 +
1
2
(
G + γ
)2
− 1
2
γ2 − g¯
2
4
F2
(
G + γ
)2
+O(λ¯, λ¯′, g¯4) . (51)
Using (40), the total Lagrangian in the dual variables and at weak coupling is therefore
L =M4∗
{1
2
F2 +
1
2
(
G+γ
)2
− 1
2
γ2− g¯
2
4
F2
(
G+γ
)2}
+
µ2
12
A2νλσ +
m2
12
B2νλσ +O(λ¯, λ¯′, g¯4) . (52)
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where again F = dA, and G = dB, and F, G are defined in terms of F,G in Eqs. (40).
Note that from the first of Eqs. (50), the vacuum of the theory X = 0 maps to G + γ =
0 +O(g¯2). This means that G does not correctly describe the fluctuations of the dual form
sector B,G around this vacuum. Instead the correct canonical variable to use is
G = G + γ . (53)
This constant shift of the magnetic dual of the 4-form field strength implies a shift of the
electric 4-form Gµνλσ =M2∗ µνλσ G by
Gµνλσ = Gµνλσ + γM2∗ µνλσ , (54)
or in the form notation, G = G + γM2∗Ω4, where Ω4 is the space-time volume 4-form. If we
write G = dB, then the 3-form potentials are are related by
Bµνλ = Bµνλ + hµνλ (55)
Here h is defined locally, by integrating
dh = γM2∗Ω4 . (56)
to yield
h = γM2∗ tΩ3 , (57)
where Ω3 is the volume form of the constant comoving time hypersurfaces.
With all of this, the renormalizable and leading irrelevant terms in the dual theory at
weak coupling around the transient vacuum σ ' 0 are:
L = − 1
2 · 4!F
2
µνλσ −
1
2 · 4!G
2
µνλσ −
1
2
γ2M4∗ −
g¯2
4 · (4!)2M4∗
F 2µνλσG2µνλσ
+
µ2
12
A2νλσ +
m2
12
(
Bµνλ − hµνλ
)2
+O(λ¯, λ¯′, g¯4) . (58)
This is the dual form EFT of the Stewart model limit (5) of hybrid inflation in the regime
σ ' 0 and gφ < m (in the case that λ¯, λ¯′  g¯2  1). This region of field space, which is
reached right after inflation ends, is readily accessible to simple analytical tools to construct
the dual. Note that this regime can be readily extrapolated down to φ = 0 as long as
σ ' 0. However the extrapolation down to σ = √2M requires a different EFT, because at
σ =
√
2M the φ field gets Higgsed by the σ vev, having the mass µ2eff ' g2M2 ∼M2 (15).
Next we wish to discuss the limit of the theory that extends beyond this regime and supports
inflation – which requires gφ  m. As we have stated, and will see in detail shortly, that
forces us to go beyond weak coupling and the action (58).
Note, that the situation here is analogous to what we encountered in the single field case.
The scalar and massive 4-form duals are related simply in the weak coupling limit, with
the scalar being the light and weakly coupled longitudinal mode of the massive 4-form field
strength. Yet to produce inflation that fits the data the theory must be pushed into the
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strong coupling, beyond the simple perturbative picture, where the connection between the
scalar and the form fields becomes very nonlinear. Nevertheless, we take the attitude that
the existence of the dual form picture suffices for our purpose since it is a ‘home’ for the
gauge symmetries that protect the scalar mass. Once that is in force, to study inflation one
can work on the scalar side alone, and evolve the theory to strong coupling.
Before continuing with the foray into the inflationary regime, let us clarify the role of
the γ-dependent terms in Eq. (58). These are the positive vacuum energy 1
2
γ2M4∗, and the
3-form h inside the mass term for B. The former is the initial value of the vacuum energy
driving inflation. In the dual scalar picture, this comes from the σ mass term near σ = 0,
and assumes that any additional contribution to the vacuum energy is negligible during
inflation. The additional cosmological contributions which we neglected here would be the
vacuum energy in the true vacuum, and neglecting them corresponds to choosing the vacuum
energy in the true vacuum to be very small. This is just the cosmological constant problem,
which is notoriously difficult to address in any EFT. This appearance of the vacuum energy
as a constant in our EFT points to the fact that this appears to be fine tuned. This fine
tuning could be addressed via saltatory variation of the cosmological constant by nucleation
of membranes charged under the 4-forms, following [46–48]; regions with a different initial
vacuum energy but the same couplings otherwise will either inflate forever, or collapse too
soon.
Absent the mass term here, the only way to relax the initial vacuum energy towards zero
is via membrane nucleation. In our theory, the mass term allows this vacuum energy to also
be relaxed by the slow rolling of the longitudinal mode of the massive form. Here the 3-form
h in the mass term ensures that the pivot point G,B = 0 correctly describes the onset of
inflation in terms of variables with canonical kinetic terms. It appears as a source term in
the equation of motion d∗G + m2B = m2h, driving the longitudinal mode to evolve so that
the vacuum energy is lowered.
3.3 Scales and couplings for hybrid monodromy EFT
We now turn to considering pseudoscalar axions in the parameter regime controlled by the
dual requirements that the theory have sub-Planckian field ranges and be consistent with
current data. Our aim is to write an effective action which respects NDA normalizations, in
which we are assured that the mass parameters µ,m are UV-insensitive, and the irrelevant
operators are suppressed.
The first thing we might try is to perform the duality map outlined in the previous
section. The masses µ,m map to 4-form masses which we know are UV-insensitive; while
past experience in the more extreme case of large-field inflation is that the irrelevant operators
do not spoil slow-roll inflation [8,12,14,16,17]. From the discussion above, one would expect
that a natural effective action of 4-forms following [35] would be a function of F/M2∗, G/M2∗,
m, µ, g¯2/16pi2, λ¯/16pi2, λ¯′/16pi2, with the factors of 1/16pi2 arising from loop factors.
As we noted, however, and in full analogy with the single large field theories, in the
parameter regime of the Stewart model pointed to by the data, the duality map is no longer
controlled by the leading linear map F ∼ µφ, G ∼ mσ. We can see from Eq. (49) that this
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would require g¯Φ <
√
2; we will see that this does not hold during the epoch of inflation
that imprints on the observed CMB.
Inspired by the map at weak coupling, however, we could hope that there is an effective
action in the scalar frame which satisfies some version of NDA. At weak coupling, the duality
map indicates that µ,m are not renormalized (though we currently lack an argument directly
in the scalar frame). It is then natural to suppose that the effective action would be a function
ofM∗, Φ, X , g¯2/16pi2, λ¯/16pi2, λ¯′/16pi2 with O(1) coefficients, as the weak-coupling duality
points in this direction.
However, we will see that in the regime allowed by the data, g¯2/16pi2 is large, and when
the field ranges are lowered by an order of magnitude below the Planck scale and more,
perturbativity of the theory appears to be in jeopardy. A concern is that the effective
action is strongly coupled and out of control. On the other hand, we will see that with
αO( <∼ 1) we can still meet the data and suppress irrelevant operators enough while keeping
g¯2/16pi2 barely within the range of EFT. One possible take from this is that identifying g¯2
defined in Eq. (48) as the coupling may be overly na¨ıve. On the scalar side, Φ, X are of
course not canonically normalized, and moving to canonical variables demonstrates that the
natural couplings are g2, λ, λ′. On the 4-form side, at weak coupling, the massive 4-forms F
only propagate in the presence of a mass term for the gauge fields: the two-point functions
〈∗F ∗F 〉 ∝ µ, 〈∗G∗G〉 ∝ m up to contact terms, so that even g¯2
16pi2
>∼ 1 can induce O(1) values
of λ¯, λ¯′ via quantum corrections. The large effective g¯2, which is required by combining
naturalness and data, can come about as a result of nontrivial nonlinear mixings of various
irrelevant operators on backgrounds with large form fluxes, that simulate the inflationary
vacuum energy. In other words, the scale of the biquadratic operator ∼ g2φ2σ2 on the scalar
side is not set by a single large irrelevant operator in the dual theory but is a combination
of many irrelevant operators of dimension higher than eight, which add together enhancing
the effective coupling. In the end, it is an open question how to implement naturalness and
NDA for massive 4-forms or their duals9. We leave this for future work.
In the remainder of this section we develop the above points in detail, and highlight
possible paths towards ensuring hybrid inflation makes sense both phenomenologically and
as a natural QFT safe from quantum gravity.
3.3.1 Identification of NDA parameters
We open with identifying the range of parameters M∗, g¯2, λ¯, λ¯′ in the potential (47).
We dub this the NDA potential for the scalar fields. We will conjecture that the discrete
gauge symmetries together with dimensional analysis demand that φ, σ appear in the form
Φ, X . We would further demand that the couplings of the theory are consistent with the
values induced by quantum corrections; that is, that the model is self-consistently technically
natural, or even simply natural. At present we do not know how this would work in practice,
just as we do not completely understand NDA for massive 4-forms. Should the duality hold,
there are nonrenormalization theorems in the scalar theory that we have not derived that
will constrain the effective action. A simple guess, by rough analogy with [35], would be
9And for that matter, NDA for massive vector fields.
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that if all couplings were O(16pi2), our theory would be technically natural if the effective
potential could be writen as V (Φ,X ) with O(1) couplings; if g¯2/16pi2  1, our theory could
be natural for λ¯/16pi2, λ¯′/16pi2 to be small; and for g¯2/16pi2  1, the theory is strongly
coupled and completely out of control.
Before turning to the couplings, our first question is the choice of the cutoff scaleM and
the strong coupling scale M∗ = M/
√
4pi. In a top-down theory these would of course be
fundamental quantities. Here we are taking a bottom-up approach, asking what values of
the cutoff give an action such that the dual form theory takes an NDA-like form. We thus
identify M4∗ as the scale of the energy density over which the effective potential varies, and
in particular the scale that drives inflation:
M2∗ >∼
√
2mM . (59)
The scale of the energy density driving inflation is thus V ∼ m2M2 <∼ M4∗/2 = M4/32pi2.
Given the subtleties we are about to discuss in identifying expansion coefficients in NDA for
this theory, there may be some wiggle room here. We will simply adopt our straightforward
definition of M∗ and see where it gets us. Note that this definition of M∗ guarantees that
the field range of X between the end of inflation and reheating is O(1).
Next, we wish to bound g¯2. Equation (16), giving the number of efolds of inflation in
terms of the field displacement φ, gives (after a few lines of algebra):
N = α2pi2
g¯2
16pi2
Φ2 . (60)
Demanding now that α < 1 and N >∼ 50 immediately shows that to have inflation we must
start with g¯2Φ2 which is initially at least as big as
g¯2Φ2 >∼
16N
α2
>∼ 800 . (61)
If this were the only constraint, we could support sufficient inflation in a regime where the
coupling g¯2/16pi2 is small. At weak coupling, Φ ∼ 4pi is a unitarity bound. This maps
to the statement F/M2∗ < 4pi, F/M2 < 1. If this bound on Φ extends past the regime
that the duality map can be constructed perturbatively in powers of the fields, we can ask
when the unitarity limit saturates the inequality in Eq. (61). This occurs when g¯2 ≥ 5, or
g¯2/16pi2 >∼ 0.032. Taking g¯2/16pi2 to be the right parameter for an NDA analysis of the scalar
action, the effective action should still be under perturbative control even if the tree-level
coupling looks strong.
A further constraint on g¯ comes from imposing the observed scalar power which combine
with the number of efolds leads to Eq. (21). We begin with
g2
16pi2
=
g¯2
16pi2
(
mµ
M2∗
)2
, (62)
and employ our bound (59). Furthermore, we will assume a hierarchy µ = m;  = 1/8
corresponds to the bound from M being sub-Planckian. Finally, using Eq. (59), and then
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Eq. (21) to write m/M in terms of α, g we find: The resulting lower bound on g¯2 is:
g¯2
16pi2
& 6× 10
−8
2α6g2
. (63)
If we were to set  = 1/8, as required for M < Mpl, and choose g ∼ 1.6×10−3, the maximum
value allowed for the Stewart model to be technically natural, then g¯2/16pi2 <∼ 1 would
require α > 1. This can be satisfied with a just barely super-Planckian field displacement.
The coupling becomes strong rather quickly if we lower α while fixing g2, . There is thus
a tension between keeping the scalar theory technically natural and sub-Planckian, and our
criterion that the NDA couplings be O(. 1).
If we further input the technically natural scalings λ, λ′ ∼ g4, we find
λ¯ ∼ g4
(M∗
m
)4
∼ g¯4
(
µ
M4∗
)
,
λ¯′ ∼ g4
(M∗
µ
)4
∼ g¯4
(
m
M∗
)4
. (64)
Thus g¯2 & 1 is still consistent with O(. 1) couplings λ¯, λ¯′. If µ ∼ 0.3gM∗, then λ¯′/16pi2 ∼
O(1). For m = 8µ ∼ 2gM∗, λ¯ ∼ 2× 10−4.
We have computed these values of λ¯, λ¯′ from technically natural values of the couplings
in the scalar theory, as discussed in §2. In terms of our NDA variables they indicate that
a consistent application of the principles behind NDA – that couplings are of the same
order as their quantum corrections – allows for some complicated structure of the action
in the variables Φ,X . This should not be surprising as these variables are not canonically
normalized, and their correlation functions will scale as positive powers of m,µ relative to
those for φ, σ. But it is these variables which naturally map to the dual 4-forms.
Finally, we can ask what happens if operators such as Φ4+k appear in the action with
O(1) coefficients. From the discussion above, this could be overly pessimistic from the point
of view of technical naturalness, but it is expected that a UV completion that includes
quantum gravity will enhance irrelevant operators from their technically natural values. We
are assuming that said completion will still give couplings that are functions of µφ, mσ
weighted by powers of M∗ or Mpl. Let us consider the former scale, to be maximally
conservative within our set of conjectures. Then we find
δLp ∼ cp
(p+ 4)!
µ4+pφ4+p
M4+2p∗
. (65)
Comparing this to Eq. (32), we find
δp ∼ cp
Mppl µ
p+4
M2p+4∗
. (66)
If we saturate our bound Eq. (59), let µ = m, and impose the constraints Eq. (21), we
find:
δp ∼
(
αg
1.1× 10−4
)p(
α3g22
3.1× 10−3
)2
cp . (67)
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This is consistent with Eq. (33) if(
α2g
1.1× 10−4
)p(
α3g22
3.1× 10−3
)2
cp  (p+ 2)! × 1.2× 10−13 . (68)
If we adopt g ∼ 1.6× 10−3 and take  ' 0.1, this bound translates into(
1.45× α2)p α6 cp  (p+ 2)! × 2× 10−3 , (69)
and is readily achieved for all p ≥ 1 even when cp ∼ 1 as long as α ≤ 0.7. In this regime, using
Eq. (63), g¯2/16pi2 ' 1.5/α6, we find that for α ' 0.7 the coupling becomes g¯2/16pi2 ' O(10).
This demonstrates that there is some wiggle room with the numbers, where we can either
adjust the cutoff M down by a factor of a few, or take a slightly larger dimensionless
coefficient of the biquadratic operator to reduce the effective coupling g¯ while maintaining
control over irrelevant operators. So for our theory to hang together, all we need is to keep
cp ∼ 1 even though g¯2/16pi2 is large, consistent with some notion of naturalness. From our
discussion above, meeting this requirement does not seem out of reach. However we see
rather dramatically how naturalness and data press the theory against Planck scale.
3.3.2 Comments on the dual massive 4-form theory
Our conjectures for writing an action for φ, σ consistent with NDA and the discrete gauge
symmetries was inspired by the 4-form dual, in a regime for which the duality transforma-
tion can be computed and simply understood. However, the regime of the Stewart model
supporting inflation consistent with data and sub-Planckian scalar fields is well out of this
regime. We can see from the transformation (49) that our iterative procedure for construct-
ing the duality map begins to break down when g¯Φ >
√
2. Indeed, (61) shows that 50 efolds
before the end of inflation – the epoch during which inflaton fluctuations imprint on the
CMB – we are well out of this range for α ≤ 20. This value of α would defeat the original
purpose of hybrid inflation, and we will set it aside.
Thus, we do not have complete control of the 4-form dual when the parameters of the
Stewart model are consistent with the data and when the field values are in the range which
is relevant for the CMB. Nevertheless the scalar theory exists in this regime, and maps to the
dual 4-form theory cleanly in the small field limit where we understand the duality. Thus,
we could follow the theory in either frame as we increase the couplings and field values. The
small field regime attained as inflation ends then serves as the anchor for this ‘theory flow’:
as long as we are sufficiently close to φ, σ ∼ 0, then g¯Φ will become arbitrarily small and
the duality transformation is under control. In this regime we can derive insights into the
pseudoscalar dual. Let us then discuss aspects of the duality map in this regime.
When the duality pertains, the effective action
L = − 1
2 · 4!F
2
µνλσ −
1
2 · 4!G
2
µνλσ −
1
2
γ2M4∗ −
c1
4 · (4!)2M4∗
F 2µνλσG2µνλσ
+
c2
(4!)2M4∗
(
F 2µνλσ
)2
+
c3
(4!)2M4∗
(
G2µνλσ
)2
+
µ2
12
A2νλσ +
m2
12
(
Bµνλ − hµνλ
)2
+ . . . . (70)
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where we have included all dimension-8 operators consistent with the symmetries, should
capture the pseudoscalar dynamics well. In this action, c1 ∼ g¯2; c2 ∼ λ¯, c3 ∼ λ¯′. The results
which we find in this regime will be corrected at larger coupling and larger field values, but as
long as the theory remains below the unitarity bound and the fluctuating light longitudinal
modes have couplings suppressed by µ/M,m/M, the qualitative insights gained by this
analysis may continue to the phenomenologically relevant case of large g¯Φ.
First, the parameters µ,m are UV-insensitive and are at most logarithmically divergent.
This follows from the arguments given in [16] for the single field case. We suspect that we
can run this argument directly in the pseudoscalar dual, using the nonlinearly realized Z×Z
discrete gauge symmetry. Realizing this would give further support for maintaining this
feature of the theory in the large g¯Φ regime.
Secondly, we can treat M as a derived quantity. Recall this appears as a source term for
σ in the dual theory, and sets the field range in σ between inflation and the end of reheating.
Once we fix the cutoff M, then if the bound (59), is saturated, M = M2∗/
√
2m is given
by a see-saw formula. In particular it is a derived quantity. In weak coupling, (59) can be
translated into a bound on the maximal 4-form flux above which our EFT (58) breaks down.
Since M2 ∼ 4pi Gmax ∼ 4piNmax e, then Eq. (59) implies:
M <∼
M2√
2m
∼ Nmax e√
2m
∼ Nmax f√
2
, (71)
where e is the fundamental charge of membranes charged under G and f = e/m is the period
of the dual axion σ. The upshot is that as a derived quantity, the scale M can exceed the
cutoff M without violating naturalness. Note here that Nmaxf represents the field range of
σ during inflation; we are simply saying that field ranges need not be bounded by the cutoff,
a fact we already understand for axions without monodromy (see for example [33]).
Finally, while it is tempting to identify c1 ∼ g¯2 as a coupling in terms of which we
would write an effective action following the rules of NDA, the actual story is more complex.
The essential point is that F,G only propagate because of the gauge field mass. Their two-
point functions scale as µ2,m2 respectively. This can be seen directly by consistency with
the duality transformations F ∼ µφ, G ∼ mσ. Alternatively, we can simply compute the
propagator for F,G. Given the propagator presented in [16] for a massive 3-form potential
〈Aµνλ(p)Aµ′ν′λ′(−p)〉 = µνλρµ′ν′λ′ρ′
(
ξ
2
ηρρ
′
p2 − ξµ2
2
+
(
1− ξ
2
)
pρpρ
′
(p2 − µ2)(p2 − ξµ2
2
)
)
, (72)
where ξ is a gauge-fixing parameter, the propagator for F is
〈∗F (p)∗F (−p)〉 = C
(
1 +
µ2
p2 − µ2
)
, (73)
where C is a dimensionless constant comprised of symmetry factors. The first term in paren-
theses is a contact term; removing this by taking appropriate account of operator mixing, we
find ∗F behaves µ times a scalar, consistent with the duality. Because propagators scale with
the 4-form masses, calculations that are perturbative in ck will come with additional powers
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of m/M∗, µ/M∗. For example, let us ask whether c1  c3 is consistent with quantum
corrections. The F propagators yield
c3 ∼ g¯4
(
µ
M∗
)4
∼
(
gM∗
m
)4
. (74)
In this regime the scaling should come as no surprise – when G ∼ mσ, this is compatible
with the technically natural value λ ∼ g4. Our conclusion is that in a proper treatment
of the effective action for 4-forms, extending the principles of Na¨ıve Dimensional Analysis,
c1 ∼ g¯2 will appear in combination with powers of µ,m so that the natural coupling is some
gˆ2  g¯2; and that a large value of g¯ is still compatible with a sensible effective action for
which ck>1 can be O(. 1).
Can we extend this observation to higher-dimension irrelevant operators in this regime?
Consider the operators
δLk = ck F
2k
M4k−4∗
, (75)
which are the most important for the dynamics in a phase G ∼ mσ ∼ 0, F 6= 0. At weak
coupling, these terms are dual to a series of operators with leading terms (32), with p = 2k−4.
These operators will be generated after integrating out the heavy σ field, or on the dual side,
from considering diagrams with G internal lines10. The simplest diagram generating (75)
involves k vertex insertions ∝ g¯2F 2G2/M4∗ in a G loop. This gives δLk ' g¯2k F
2k
M4k∗ 〈(G
2)k〉,
so that after the loop integral we find, using 〈(G2)k〉 ' M4∗(m/M)2k (note the cutoff in the
numerator as opposed to the strong coupling scale),
δLk 'M4∗g¯2k
F 2k
M4k∗
( m2
4piM∗2
)k
'M4∗
( g¯2m2
4piM2∗
)k F 2k
M4k∗
'M4∗
(g2M2∗
4piµ2
)k F 2k
M4k∗
. (76)
The last equality looks dangerous due to the to appearance of the small mass µ is the
denominator. First, we note that that the limit µ→ 0 is not a problem since F ∼ µφ/M2∗ so
µ precisely cancels if we move back to the pseudoscalar frame. Furthermore, if 4piµ2 & g2M2∗,
it appears that ck ∼ O(1) is consistent even as g¯ is increased.
More precisely, if we substitute µ ∼ m/8 the overall dimensionless factor multiplying the
NDA-normalized part of the operator δLk becomes, using Eq. (59), and substituting (21)
for M/m,
ck ∼
(1.6× gM∗
m
)2k
>∼
(
2.54× g
2
√
2M
m
)k
'
(0.2
α
)3k
. (77)
Remarkably this shows that the irrelevant operator contributions generated by integrating
out σ remain safely small for even sub-Planckian field displacements α >∼ 0.2, which as we
noted we need to enforce to suppress their corrections to the inflationary plateau of (10).
Further note that for k = 2, the loop-induced term is c2F
4/M4∗, i.e. just the radiative
correction to λ¯′. We therefore find that δλ¯′ ∼ (0.2/α)6, which, again, is under control unless
10Which contribute to the virtual momentum transfer due to the propagating longitudinal mode.
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α is too small.11 If this holds, then the resulting dual operators are precisely of the form
(65), with coefficients cp ∼ 1, and these are subleading during inflation for α . 0.5. Data
pushes the theory towards the dangerous Planckian region, but there is still a consistent
sub-Planckian regime in which the irrelevant operators are under control.
A rigorous understanding of the 4-form theory in the inflating regime is a matter of
future work. Here we simply note that it is plausible to have a well-defined theory with
irrelevant operators built from powers of F, G, µA, andm(B−h) havingO(. 1) dimensionless
parameters when normalized via M∗, even when the leading coefficient c1 ∼ g¯2  1. In
this case we would need to show in this theory that the phenomenologically relevant phase
of inflation would occur for F <M2 = 4piM2∗, where we expect our effective theory to be
well-defined.
To conclude this section, we have seen that the theory (70) and its special limit (58) whose
strong coupling limit can realize hybrid inflation12 are theories of two massive U(1) gauge
theories of 4-form field strengths in the unitary gauge, with 4-form kinetic mixings mediated
by irrelevant operators. The mixing coefficients are controlled by natural parameters of O(1).
In this form the theory is strongly coupled but natural: the unbroken gauge symmetries of
(70) will protect the selection of the masses and couplings in (70) from UV effects in QFT.
However, since the scales are all sub-Planckian, and the symmetries are gauged, the theory
will be safe from quantum gravity corrections as well. The mass terms cannot receive large
UV corrections since they are also couplings of the longitudinal modes, and are protected
by gauge redundancies. We cannot predict what the values of these masses are from within
the EFT itself. But once chosen, the gauge symmetries of the theory protect them from
QFT and quantum gravity corrections, as in [16, 17]. Furthermore, while the masses are
small relative to the cutoff, they will not be too small; they can be a few (< 10) orders
of magnitude below the Planck scale. Thus the theory should be able to pass the bounds
which one might find using arguments based on the weak gravity conjecture, and from other
technical lamppost-based bounds coming from recent developments in string phenomenology.
3.4 Discussion
We have outlined how hybrid inflation might be made UV complete via dualizing it to a
theory of two massive 4-form field strengths/3-form potentials. This UV completion contains
gauge symmetries which explain the suppression of potentially dangerous operators which
can adversely affect inflation [16, 17]. In a top-down approach to deriving hybrid inflation,
this procedure would be reversed.
Indeed, imagine that in some UV-complete theory such as string theory, some of the
higher rank forms yield massive 4-forms after compactification, with masses which are much
smaller than the UV cutoff of the EFT of the 4-form systems. We believe that such con-
11Here of course we are looking near φ = 0 where the duality makes sense; α has meaning in the dual
pseudoscalar theory as the range of φ in field space covered by the last 50 efolds of inflation, a range over
which the duality map becomes complicated.
12Again, such a theory can generate inflation if for a given cutoff M∗ the masses obey µ  m  M∗
and one of the form field strengths develops an initial CP-breaking flux on the background, controlled by
Mcr ∼M2∗/m.
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structions would be conceptually similar to the previous approaches [6, 9, 11, 49–54] where
the main focus was on realizing the conditions for single large field inflation. In the present
case they should involve multiple massive 4-forms below the cutoff. The EFTs of interest
arise after integrating out the stabilized heavier fields, the KK states and the heavy string
modes. The cutoff M demarcates this EFT from the full theory with those additional de-
grees of freedom, and could be viewed as scale where ignoring the lightest of the modes,
which were integrated out to define the low energy EFT, would start yielding problems with
unitarity. The irrelevant operators in (70) arise as the corrections generated by the virtual
heavy modes as well as loops of the virtual light modes kept in the EFT. In the minimal case,
these are the longitudinal modes of the massive 4-forms and the matter degrees of freedom,
that the longitudinal modes decay into at the end of inflation. Perhaps the simplest manner
in which these models can be realized is to imagine a theory with coupled p-forms, which
includes higher-derivative corrections suppressed by a cutoff, and where after dimensional
reduction the emergent 4-forms mix with pseudoscalar axions. These can be set to become
longitudinal modes by a gauge fixing; after dualization, the higher-derivative operators are
the potential for the longitudinal mode.
The longitudinal modes remain light because the 4-form/3-form potential gauge symme-
tries: continuous compact U(1) and the discrete shift, A → A + da, B → B + db. These
ensure that the dangerous corrections to the mass terms are absent. This extends to the
quantum gravity corrections as well, which cannot break gauge symmetries. So as long as
the operators in (70) are below the cutoff M, the theory has a weak coupling expansion
where a minor tuning of parameters realizes the regime which supports hybrid inflation.
This is manifest once one reverses the steps which led from (5) to (70). Indeed, inverting
the steps in §3.2 will map the mass terms and irrelevant operators in (70) precisely on the
potential (5). The mass terms are naturally small by gauge symmetry, whereas the marginal
operator couplings in (5) are rendered small because they are controlled by the ratio of
masses and the cutoff, and mA,B  M. Finally, the scale M in (5) appears to be larger
than the cutoff because it is see-sawed by the mass: M ∼ M2/m as we discussed above.
This can explain the origin of the Stewart limit of hybrid inflation naturally.
In this paper we have focused on realizing a model of hybrid inflation in the Stewart
limit, controlled by only relevant and marginal operators. Our observation that the 4-form
theory needs to be strongly coupled suggests that we consider models in which other higher-
dimension operators play a significant role. In particular, it is possible that phenomeno-
logically interesting and natural low-scale hybrid models could be realized with flattened
potentials, following [6,9,11,17]. It would be interesting to explore such more general mod-
els of hybrid inflation.
4 Summary
Many inflationary models have been severely constrained by the observations in the past
decade or so. Specifically the improving bounds on the spectral index and on the tensor-
scalar ratio have put pressure on the large field inflation models, which are arguably the
simplest candidates for natural EFTs of inflation. These models are quite predictive as well,
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because they must occur at high scales to yield viable inflationary evolution, where their
structure becomes sensitive to quantum gravity corrections. Thus the tightening constraints
on large field models might be taken to imply that the prospects of learning something about
quantum gravity from inflation have diminished. Moreover, by placing increasingly tighter
constraints on large field models, observations might appear to favor more exotic, unnatural,
proposals for inflation, or even more radical approaches to early universe cosmology.
Our results here suggest that these allusions are not a foregone conclusion yet. The pres-
sures from observational bounds are significantly relieved by reducing the scale of inflation.
This can be done in multifield inflation models, and it occurs in hybrid inflation with two
non-degenerate fields, when the post-inflationary vacuum manifold is not degenerate. In this
case, the tensor-scalar ratio is almost unobservably small, and the spectrum of perturbations
is safely red, with the spectral index nS between 0.97 and 0.975, which is still in agreement
with the bounds. Further, the EFT of this variant of hybrid inflation is technically natural,
and if it is realized as a dual for a theory with two massive 4-forms, which might be realized
as an IR limit of string compactifications, it may also be protected from quantum gravity
corrections although it involves almost Planckian field displacements. The UV safety of the
theory is not a generic feature of all hybrid inflation proposals, as we have seen in detail. Yet
it may arise in some constructions such as those which we outline here. However, remarkably,
even in these cases the natural EFTs are still close to Planck scale. This, in our view, is
quite interesting, since it keeps the possibility open that inflation, while being a viable EFT,
might still be sensitive to some subleading corrections from quantum gravity, which while
small might compete with the UV field theory effects.
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